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Abstract
For tall buildings, motion caused by wind is usually the most damaging to the lateral
support system. As a result, engineers have invented many different methods to limit the
motion of the buildings, for example dampers, bracings and outriggers etc. Aerodynamic
modification, which is a passive approach, can also be used to reduce the impacts of wind
loads. In this thesis, three widely-used aerodynamics modifications are discussed: 1)
Shaping the corners of buildings, 2) Addition of openings through buildings and 3)
Optimizing cross-sectional shapes of buildings. Comparison based on five criteria related
to economy, sustainability, appearance, ease of construction and effectiveness in
suppressing response of buildings caused by wind, is performed. With the help of a
comparison matrix, it is shown that for a building located in downtown Boston, the
method based on optimizing cross-sectional shapes is the best option.
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Figure 1-1. (Left) Computer rendering of the Buj Tower in Dubai. (Right) Actual construction of the
tower. (emporis.com)
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Chapter 1 - Introduction
1.1 Overview
In recent years, there have been many tall buildings being constructed around the world.
As the height of those buildings increase, the dominant lateral load is caused by wind
instead of earthquake. For instance, although the 1800ft-tall (600m) Burj Dubai Tower,
which is currently being constructed, is located close to an earthquake active fault line,
the seismic force is not the dominating lateral load. Instead, wind load is the controlling
factor in structural design in that building and other skyscrapers of similar heights (Irwin
el al, 2006). Because of that, many researches have been done on lateral systems that
resist wind loads. They can be grouped into three main categories.
The first category is the approach to alter the dynamic properties, such as stiffness and
damping, of a structure. For example, a designer can increase or decrease the stiffness of
a building to alter its natural frequency. The purpose of doing this is to avoid the
building's natural frequency matching the excitation frequency of wind.
The second category is the use of damping devices in buildings. This can be
subcategorized into passive and active damping method. An example of passive damping
method is tuned mass damper (TMD) in which a tuned damping mass is added to the
system to resist its overall motion. An example of active damping method is active mass
damper (AMD) in which control forces are created by a monitoring computer located
inside a building. The controlling forces are generated based on the responses and
signals gathered by the sensors of the building.
The third category, which will be the main focus in this thesis, is the use of aerodynamic
modifications to reduce the dynamic response caused to the buildings by wind loads.
This can be subcategorized into three main sections, namely 1) Shaping corners of
buildings, 2) Addition of openings through buildings and 3) Optimizing the cross-
sectional shapes of buildings. A comparison matrix comparing different criteria related to
economy, sustainability, architectural appealing, ease of construction and effectiveness in
minimizing the impacts of wind loads of these three modifications is performed and
shown in Chapter 5 of this thesis.
Figure 1-2. (Above) 730-tons tuned mass damper in Taipei 101
(popularmechanics.com).
(Right) Active mass damper (University of Notre Dame).
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1.2 Nature of Wind
Before stepping into the discussion of the three aerodynamic modifications, it is
important to understand the nature of wind and its impact on tall buildings. Herein, a
brief overview of the nature of wind is provided, followed by the impact of wind on tall
buildings in the next section. As we all know, wind is the motion of air. This motion can
be divided into two directions: vertical and horizontal. When air moves vertically, it is
named as current, which results in lifting force. In structural engineering, current usually
is not a major concern in the designs. On the other hand, when air moves horizontally, it
is often named as wind. In general, when wind passes around a building, it is separated
into three perpendicular directions, usually denoted as X, Y and Z. They are sometimes
known as the alongwind, crosswind and lift direction respectively. When designing for
buildings, especially skyscrapers, wind usually is a governing factor in design. The
reasons behind will be described in the next section.
As mentioned before, current, which is the force in the vertical direction, is usually not a
major concern in design. Therefore, emphasis in this thesis is put on the horizontal
direction, which is the wind load. When wind passes around a building, it is separated
into the alongwind and crosswind directions. For skyscrapers, the crosswind response
typically is more critical than the alongwind response. It is mainly due to a phenomenon
called vortex shedding. It is formed when wind passes around the building. At relatively
low wind speeds, for example 50-60 mph, spiral vortices are created periodically and
symmetrically from both sides of the building. When the vortices are created, a load is
acted on the building in the crosswind direction. Since, the vortices created are
symmetrical, so an equal but opposite load is acted on the building in the crosswind
direction. At relatively low wind speeds, the formation of vortex shedding is not
damaging as the loads tend to cancel out each other as they act in opposite direction.
However, at higher wind speeds, the vortices are shed alternatively, i.e. one side first then
the other side. Therefore, an unbalanced resultant force is created and acts on the
building in the crosswind direction. Thus, the building vibrates in the excitation
frequency due to a net force.
12
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This excitation frequency is exactly half that of the alongwind excitation frequency and
its formula is given by
f=Vx S/D
where
f = frequency of vortex shedding (Hz)
V = mean wind speed at the top of the building (ft/s or m/s)
S = Strouhal number
D = Diameter of the building (ft or m)
If this excitation frequency happens to be very close to the natural frequency of the
building, resonance occurs and the building would vibrate violently. As a result, vortex
shedding is the reason why response in the crosswind direction often dominates that in
the alongwind direction in tall buildings.
1.3 Impacts of Wind on Tall Buildings
As we may all know, buildings deflect laterally when subjected to wind load. Buildings
that were built decades ago were shorter and heavier as denser construction materials
were often used. Thus, the impact of wind load on those buildings was relatively
insignificant. However, as the race for the tallest building continues, and also the
application of lightweight construction technology, buildings nowadays are more
susceptible to the wind load. For instance, if constructed without proper designs, the
maximum deflection for some of the tallest buildings in the world would be more than
several meters. This huge deflection would surely cause problems to the buildings as the
objects inside may vibrate and sway back and forth. More importantly, the tenants of the
buildings may suffer from dizziness, headaches and nausea. Therefore, in order to avoid
this from happening, it is critical to have proper structural design for wind loadings.
13
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Chapter 2 - Aerodynamic Modification: Shaping Corners of Buildings
2.1 Introduction to corner-shaping
When one looks at buildings in a commercial area, there is an interesting fact that can be
observed - there are buildings that have shape corners while there are others that have
rounded, chamfered or slotted corners, as illustrated in Figure 2-1. In fact, most of the
buildings that have shape corners are relatively shorter than those with rounded,
chamfered or slotted corners. The reason is mainly due to the impact of wind load of
buildings.
As discussed earlier, buildings that are shorter usually are not as susceptible to wind
loads as taller buildings. So, shorter buildings usually do not require any additional
lateral support or modification against wind load. On the other hand, since the taller
buildings are more vulnerable to wind loads, additional lateral support is needed. As a
result, engineers have discovered that aerodynamic modifications are able to reduce the
impacts of wind loads on tall buildings. Herein, the first aerodynamic modification that
is going to be discussed here is shaping corners of buildings.
Figure 2-1. Illustration of different corners' shapes: (Top left) Sharp corners, (Top right)
rounded corners, (Bottom left) chamfered corners and (Bottom right) slotted corners.
14
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2.2 Examples of buildings designed with corners shaped
As mentioned above, many buildings that apply this type of aerodynamic modification in
the design are tall buildings. Below are examples of some of those buildings. Figure 2-2
shows the 597ft-Hearst Tower, which is located in New York City. From the figure, it
can be observed that some of the corners of the buildings are chamfered. By applying
this aerodynamic modification, the formation of vortices due to the wind loads can be
disrupted and minimized.
Figure 2-2. Hearst Tower in New York City (Civil Engineering Magazine)
Another building that uses chamfered corners is the 1380-ft Jin Mao Building (Figure 2-3)
in Shanghai, China. The 1260ft-Shun Hing Square (Figure 2-4), also in Shanghai, uses
rounded corners instead.
Figure 2-3. Jin Mao Building in Shanghai, China Figure 2-4. Shun Hing Square in Shanghai, China
(emporis.com)
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2.3 Effects of corner-shaping
Most of the discussion before has been focused on what corner-shaping can achieve and
its application in the real world. In this section, a discussion of how corner-shaping can
help to reduce the impact of wind load will be presented.
2.3.1 Alongwind response
For simplicity, it is assumed in this paper that wind is unidirectional at a given moment.
In other words, at any given time, only one of the four sides of a building is subjected to
wind load as wind comes from only one direction.
With that in mind, it is intuitive to first discuss the alongwind response of a building
when it is subjected to the unidirectional wind. Many experiments have been done in the
past to investigate the effect of corner-shaping in tall buildings. One of the most
significant researches was conducted by Kwok et al. (1988) in which he examined the
alongwind response of a building model under plain, chamfered and slotted corners. In
his research, a 1/400 scale building model was tested in a wind tunnel to obtain the
alongwind responses. Figure 2-5 shows the alongwind responses of the three models
with different corner shapes, namely plain', slotted and chamfered. The y and x-axis
represent the alongwind response and velocity of wind respectively. Both axes are
normalized in the graphs.
-P -- 15
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Figure 2-5. Standard deviation alongwind responses with different corner shapes when wind is
acted on the longer side of the model (left) and shorter side of the model (right) (Kwok 1988).
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As it can be observed from the graph, the alongwind responses for both wind directions
are proportional to the velocity of the wind acted on the building model for the three
types of corner shapes. However, with a slotted corner, there is a noticeable reduction on
the alongwind response compared to the plain corner. Moreover, with a chamfered
corner, there is a further reduction on the response compared to the plain corner. The
reduction is up to approximately 40% for both wind directions. As a result, it can be
concluded that both slotted and chamfered corners are effective in reducing the
alongwind responses of buildings that have rectangular cross-sections.
One interesting thing that can be observed from the figures is the alongwind response on
the right figure is smaller than that on the left. It is mainly due to two reasons. First, the
surface area that wind acts on the building model on the right is smaller than that on the
left. Therefore, the resultant force acts on the building model on the right is lower than
that on the left. Thus, a smaller response is obtained. The second reason is due to the
bending axis of the building model. On the right figure, when wind acts on the shorter
side of the model, it hardly causes deflection and bending of the stronger bending axis.
On the other hand, when wind acts on the longer side of the model, as shown on the left
figure, it easily causes deflection and bending on the left figure as wind acts on the
weaker bending axis.
17
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2.3.2 Crosswind response
As discussed in the introduction, crosswind response is also critical in the design of tall
buildings. Hence, it is important to examine how buildings with different corner shapes
react to wind loads in the crosswind direction. In Kwok's experiment, building models
with plain, slotted and chamfered corners were tested in wind tunnel to investigate the
crosswind response and the results are shown in the Figure 2-6.
21
10-1
5
2
2
'I 10
10-1
S
2
b10-1
2
10-3
5
20
0 Plain
X Slots
o Chamfered
I~~~ I p I i
5 10
n%,
20
Figure 2-6. Standard deviation crosswind responses with different corner shapes when wind is
acted on the longer side of the model (left) and shorter side of the model (right) (Kwok 1988).
As it can be seen from the above figures, the crosswind responses for both wind
directions are greater than the alongwind responses. The figure on the left, which shows
when wind acts on the longer side of the building model, reports a maximum peak
response when the normalized velocity is around 9 for the model with plain corner. This
indicates that at this velocity, the frequency of the vortex formed by wind is very close to
the natural frequency of the building. Thus, resonance almost occurs and the building
responds with a huge motion. On the other hand, it can be observed from the same figure
that slotted and chamfered corners can effectively reduce the responses at this vortex
shedding frequency by 75% and 60% respectively.
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Chapter 2 - Aerodynamic Modification: Shaping Corners of Buildings
On the right hand side of Figure 2-6, which shows when wind acts on the shorter side of
the building mode, a significant maximum peak response cannot be observed. An
explanation for this, as suggested by Kwok, is that the long afterbody of the building
model prohibits the formation of vortex. Therefore, vortex shedding is not the governing
factor for crosswind response when wind acts on this direction.
2.3.3 Wake spectrum
From the alongwind and crosswind responses, it can be seen that slotted and chamfered
corners can effectively reduce the motions of the building models in both wind directions.
Chamfered corners, in particular, produce larger reductions than that by slotted corners.
It is mainly due to the reduction in wake energy. Figure 2-7 shows the wake spectrum of
the building models with plain and chamfered corner in the crosswind direction. As it
can be seen from the figure, there is one distinct peak in each spectrum which indicates
the situation in which most excitation energy is available. The maximum wake energy
available for model with plain corner is around 1 while it is approximately 0.5 for model
with chamfered corner. Thus, with the use of chamfered corner, there is a 50% less wake
energy available to excite the building. This agrees with the result from crosswind
response.
2
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nb
Figure 2-7. Wake spectrum of building model with plain and chamfered comer (Kwok 1988).
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2.3.4 Force spectrum
The force spectrum is a plot of force acted on the building against the frequency or
velocity of the wind. The formula of the force spectrum is given by
CFS [no SF (n)] / [0.5 *pU 2bh] 2 (Melbourne, 2000)
Where
CFS = Force spectrum
no = Frequency of first-mode
SF (n) = Mode-generalized force spectrum
p = Building density
0 = Mean wind speed at the'top of building
b = Width of building normal to wind
h = Height of building
As it can be seen in Figure 2-7, the maximum wake energy for plain and chamfered
corner at the crosswind direction occurs when the frequency and velocity is at
approximately 0.1 and 10 respectively. It is interesting to investigate if a peak force also
occurs at this maximum wake energy. The result of this investigation is shown below.
F
2
~ Plain
10
C' a.
0.02 OCS 0.1 0.2
Reduced FrequenyFeUeni ii
Figure 2-8. Crosswind force spectrum of models with plain and chamfered corner (Kwok 1988).
In Figure 2-8, the maximum crosswind force occurs at approximately 0.1 and 10 for plain
and chamfered corner respectively. This proves that the maximum wake energy and
force occur at the same frequency and velocity. Again, it is obvious to see that the use of
chamfered corner can effectively and significantly reduce the amount of wake energy and
force generated. Thus, impact due to wind can be minimized.
20
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Chapter 2 - Aerodynamic Modification: Shaping Comers of Buildings
2.3.5 Rounded versus Chamfered corner
The precious discussions have been focusing on the effects of chamfered and slotted
corners on the motion of tall buildings when subjected to wind load in the alongwind and
crosswind direction. Rounded corner, which is another type of corner modification, has
clearly been left out in the research conducted by Kwok. In order to investigate its
effectiveness versus chamfered corner, which has been proved already as a better option
than slotted corner in the previous discussion, Kawai conducted similar wind tunnel
experiment for building models with rounded and chamfered corners.
2
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Figure 2-9. Crosswind response with different corner modifications when wind is acted on the
longer side of the building model. Chamfered (top) and Rounded (bottom) corner. (Kawai, 1998)
In his experiment, Kawai performed wind tunnel tests in three different values of critical
damping ratios. He reported that rounded corner is more effective in reducing the
crosswind response than chamfered corner. Also, its effectiveness increases as the
roundness expands from b/B = 0.05 to 0.25, where b is the radius of the corner and B is
the width of the building model (Kawai, 1998). As a result, in terms of effectiveness for
21
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building model with rectangular cross-section, rounded corner is the most effective. It is
followed by chamfered and finally, slotted corner.
2.4 Limitations
2.4.1 Angle of wind incidence
Although it is shown in the previous sections that shaping corners can reduce both the
alongwind and crosswind responses, there is in fact some limitations to this aerodynamic
modification. The most significant limitation that it has is that the effect of corner-
shaping really depends on the attack of angle of the wind that the building is subjected to.
In Kwok's research, he investigated the effect of angle of wind incidence to plain and
chamfered corners (Kwok, 1988) and the result is presented in below.
2
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Figure 2-10. Effect of angle of attack of wind to a building with chamfered corners (Kwok, 1988).
Figure 2-10 presents the effect of angle of wind incidence on the crosswind response of
building model with plain and chamfered corner. As it can be observed, at angle equals 0
degree, which is the case presented in Figure 2-6, the use of chamfered corner can reduce
the crosswind response by 75% than the plain corner. However, when the angle of wind
incidence gradually increases to 30 degrees, plain corner produces the same reduction in
response as the chamfered corner. What is more surprising is that in the range of 50 to 75
degrees, plain corner actually results in a larger reduction in crosswind response than the
chamfered corner. As a conclusion, it should be note that chamfered corner is only the
most effective when the angle of wind incidence is within 30 degrees.
22
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2.4.2 Dependent on the cross-sectional shape
Besides depending on the angle of wind incidence, the effects of corner-modification also
depend on the cross-sectional shape of the buildings. The previous sections have been
focusing on rectangular cross-sections only. However, past researches have proved that
the effect of corner-modification may not be effective in some other shapes such as
triangles. A more detailed discussion is included in Chapter 4 on this issue.
23
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Chapter 3 - Aerodynamic Modification: Addition of Openings through Buildings
3.1 Introduction to openings through buildings
In the previous chapter, one of the three mainly used aerodynamic modifications -
shaping corners of buildings has been presented and proved for its effectiveness. In this
chapter, another type of aerodynamic modification - adding openings through buildings
will be discussed.
Compared to corner-shaping, the idea of adding openings through buildings is rather new.
In fact, only a few researches have been done to investigate its effectiveness on buildings.
Some of the most significant researches were conducted by Dutton and Isyumov (1990)
and Miyashita et al. (1993). Due to the face that many scientists and engineers are still
trying to understand this modification, there are only a few buildings that have adopted
this idea in their designs.
Basically, the idea of this aerodynamic modification is to introduce openings or gaps
through the bodies of buildings. By doing so, it has been proved that the response of
buildings and the formation of vortex shedding can be minimized. Figure 3-1 illustrates
some of the typical methods to introduce openings through buildings.
Figure 3-1. Different methods to introduce openings through buildings. (Left) Openings in both alongwind
and crosswind direction, (Middle) opening in only alongwind direction and (Right) crosswind direction.
As it can be seen from the above figure, there are different methods to create openings
through the bodies of buildings. In fact, the reduction caused by this aerodynamic
modification depends on many factors of the openings - location, dimension and quantity.
These factors will be discussed in the following sections.
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3.2 Examples of buildings designed with adding openings through buildings
As mentioned in the previous section, the idea of adding openings through buildings is
rather new when compared to the other two aerodynamic modifications discussed in this
thesis. The most representative building that adopts this method is the under-constructed
Shanghai World Financial Center in Shanghai, China. The architectural and structural
firm of this building is Kohn Pedersen Fox Architects and Leslie Robertson Associates
respectively. This 1614-ft building, whose construction will finish in 2008, will be the
first tall building that has large opening at the top of its body.
Figure 3-2. Computer rendering of the Shanghai World Financial Center in Shanghai, China (Emporis.com)
Figure 3-3. Computer rendering of the opening at the top of the building (kpf.com)
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Besides the Shanghai World Financial Center, the Pearl River Tower also has openings
through its body. The Pearl River Tower is a skyscraper that is under construction in
Guangzhou, China. This 994-ft building, which is designed by Gordon Gill from
Skidmore, Owings & Merrill in Chicago, has an opening introduced on each of the two
mechanical floors. There are two purposes for this. The first purpose is for sustainability
because when wind passes through the openings, the wind turbines installed inside will
be able to generate electricity for the building's heating, ventilation and other uses. The
other purpose is for structural relief because introducing openings through the building
can reduce the crosswind response caused by wind.
Figure 3-4. Computer rendering of the Pearl River Tower in Guangzhou, China
(Skidmore, Owings & Merrill)
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3.3 Effects of adding openings through buildings
3.3.1 Effect on crosswind response
Although the idea of introducing openings through buildings is still new, its effect to
reduce impacts caused by wind loads has been proven in the research conducted by
Dutton and Isyumov. In their research, a wind tunnel experiment was used to investigate
the effectiveness of introducing openings at the top of buildings. Four building models
were created in the following manner - 1) openings in the alongwind direction only, 2)
openings in the crosswind direction only, 3) openings in both alongwind and crosswind
direction and 4) without any openings. Moreover, in each direction, there are three
openings located at the top at different heights, as illustrated on the bottom right corner in
Figure 3-5.
The result of the wind tunnel experiment is presented below. In Figure 3-5, the
crosswind tip deflection is plotted against the reduced velocity of the wind used in the
wind tunnel. As it can be observed, there are three curves in the figure which represent
the crosswind response for building model with only alongwind openings, both
alongwind and crosswind opening and no openings at all, which is represented by
"unmodified" in the graph.
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Figure 3-5. Crosswind deflection at the top of the model against reduced wind velocity for the models with
openings in both directions, openings in only alongwind direction and without any openings
(Dutton & Isyumov, 1999).
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It is obvious to see that the unmodified model produces the largest crosswind response
among the other two. On the other hand, with alongwind openings, there is a significant
reduction in the crosswind response. Furthermore, with openings in both alongwind and
crosswind direction, there is a further reduction in the crosswind response. The
maximum deflection produced by the unmodified model is approximately 0.1. With the
use of openings in both directions, the peak deflection is reduced by almost 70% to 0.03.
The response produced by model with only crosswind direction is not shown in Figure 3-
5. However, according to Dutton and Isyumov, its effect is not as effective as having
openings in the alongwind and both directions. Nevertheless, it is still better than having
no openings at all. In other words, in terms of the effectiveness to reduce the crosswind
response, the best modification is to have openings in both directions. It is followed by
having openings in the alongwind direction only. The least effective modification is to
have openings in the crosswind direction only.
3.3.2 Effect on Strouhal number
As it can be seen in Figure 3-5, with the introduction of openings in the alongwind and
both directions, the peak crosswind response occur at a higher reduced velocity. In other
words, a higher wind speed is required to achieve resonant vibration of the building with
openings. It is also shown in the experiments that the Strouhal number is reduced from
an initial value of 0.1 for unmodified model to a value of 0.09 for models with openings
in both and only alongwind directions.
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3.3.3 Power spectrum
To further understand the effect of introducing openings in buildings, a pressure model
experiment was conducted by Dutton and Isyumov (1999) in order to study the power
spectrum of force acted on the model. In the experiment, two aluminum tubes were
placed one above another. Eight pressure taps, denoted as A to F, were installed in the
tubes to record data for power spectrum. The distance between the two tubes varied from
0 to 0.98in. Figure 3-6 shows the side view of the equipment. As it can be seen, wind is
being applied from the left. There are four taps placed in the alongwind direction - tap E
and G are the two taps placed at the front face of the equipment while tap F and H are
placed at the back. Also, there are four taps placed in the crosswind direction - tap A to
D. b
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Figure 3-6. Side view of the pressure model experiment (Dutton & Isyumov, 1999)
The power spectrum obtained from this pressure model experiment is shown below. The
two curves in Figure 3-7 represent the power spectrum of force with model that has no
opening and opening with 0.98in, expressed as d/D=5.9% where d and D are the width of
the opening and model respectively. When there are openings introduced through the
building, there is a significant reduction in force in the crosswind response. This result
agrees with the one presented in Figure 3-5.
Figure 3-7. Power spectrum of force obtained from the pressure model experiment
(Dutton & Isyumov, 1999)
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3.3.4 Disruption of vortex shedding
According to Dutton and Isyumov, the main reason that introducing openings suppresses
the crosswind motion is due to the disruption of vortex shedding process. The
mechanism of this disruption can be observed from the figure below. Figure 3-8 shows
the mean base pressure coefficient on the front and back faces of the pressure model
experiment versus the width of the opening (d) as a percentage of the total width of the
equipment (D). When d/D is around 4%, there is an increase in the pressure coefficient at
the back face. According to Dutton and Isyumov, it is due to the venting of the wind
through the opening into the back of the equipment. This increment in pressure
coefficient is important because it disrupts the vortex shedding process and hence,
suppresses the crosswind response.
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Figure 3-8. Variation of the size of the opening with mean pressure coefficient on the front and back face of
the pressure model experiment (Dutton & Isyumov, 1999).
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3.4 Limitations
3.4.1 Size of the opening
The last few sections in this chapter have been focusing on the application of introducing
openings through buildings and its impacts on suppressing crosswind motions. It is now
logical to ask how large the openings need to be in order to create desired reductions.
Another question to ask is whether huge openings create even worse responses instead.
Dutton and Isyumov (1999) conducted an investigation on the variation of the width of
the opening, expressed as a percentage of the total width, with the forces acted on the
model. The result is presented in the figure below. The y-axis of the graph represents
crosswind force coefficient recorded by the pressure taps while the x-axis is the width of
the opening (d) expressed as a percentage of the total width (D). The four curves in the
graph represent the force coefficient obtained from four different faces of the pressure
model. Let the focus be on the first curve from the top as it gives the force coefficient in
the crosswind direction. As it can be seen from this curve, when there is no opening at all,
there is a huge force recorded in the crosswind direction. When the d/D ratio increases
from zero to approximately 4%, a huge crosswind reduction can be observed. This
reduction causes the force coefficient to drop from the original 1.25 to 0.12. After
passing this region, the crosswind force does not seem to decrease with increasing d/D
ratio. In fact, when d/D is between 4% to 12.5%, an increase in d/D actually increases
the crosswind force detected. The reason for this phenomenon, however, is still under
investigation.
d/D (%)
Figure 3-9. Force coefficient against d/D (Dutton & Isyumov, 1999).
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3.4.2 Angle of wind incidence
Beside its size, another factor that affects the effectiveness of having openings through
buildings to reduce crosswind motion is the angle of incidence that the wind acts on the
buildings. In Chapter 2, the affect of angle of attack on the crosswind responses of
buildings with chamfered and plain corners is presented. Similar to corner-shaping, the
angle of wind incidence plays a significant role in affecting the effectiveness of
introducing openings through buildings. In a research conducted by Miyashita et al.
(1993), rectangular building models with openings on the alongwind, crosswind and both
directions were examined in a wind tunnel test. The results are presented below. In
Figure 3-10, the y and x-axis represent the crosswind force coefficient and angle of wind
incidence respectively. When the angle is at zero degree, models with openings in both
directions have the lowest force coefficient, followed by models with openings in the
alongwind and crosswind direction. Model without any modification produces the largest
crosswind response, which is expected. When the angle is increased up to 18 degrees, the
order of reduction is still the same. However, when the angle of incidence reaches
approximately 20 degrees, the crosswind force coefficient of the unmodified model is
essentially the same as models with openings in only the crosswind and both directions.
On the other hand, model with alongwind opening produces a higher force coefficient
than the other three. In other words, it can be concluded that when the angle of wind
incidence is higher than 20 degrees, introducing openings through buildings with
rectangular cross-sections is not favorable.
o016
Unmodified model
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Figure 3-10. Crosswind force coefficient against angle of wind incidence (Miyashita et al., 1993)
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4.1 Introduction to optimizing cross-sectional shapes of buildings
Traditionally, most of the tall buildings constructed in the past were designed in
rectangular shapes. There has been a trend during the last decade that the tall buildings
are no longer designed in only rectangular shapes. In fact, there have been many which
are designed to have other cross-sectional shapes, for example circular, triangular,
diamond or D-shape etc. The first reason for doing this is mainly due to architecturally
purpose as the owners and architects want to distinguish their buildings from the rest by
introducing innovative geometries in the designs. Another reason for doing this is
because selecting different cross-sectional shapes are effective in minimizing the
responses due to wind loads. Some of the shapes that have already been proved for their
effectiveness are illustrated below.
Figure 4-1. Different cross-sectional shapes that are effective in suppressing the motions of buildings
caused by wind loads.
Besides choosing different shapes, another method to optimize the cross-sections of
buildings is to incorporate a series of setbacks and tapering along the vertical direction of
buildings. This method, which can be seen in many tall buildings, will also be discussed
in the following sections. If rectangular cross-sectional shapes have to be used due to
economical or geographical constraints, it is still possible to perform aerodynamic
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modifications by optimizing the side ratio of the cross-section. The side ratio is defined
as the depth (D) to the breadth (B) of the cross-section. A section dedicated to this kind
of modification will be included in this chapter.
As mentioned already in the introduction, the governing factor in tall buildings is the
crosswind response caused by vortex shedding of wind. In the last two chapters, two
aerodynamic modifications - shaping corners and introducing openings through buildings,
are discussed. The third widely used aerodynamic modification - optimizing the cross-
sectional shape of buildings is going to be presented in this chapter.
4.2 Examples of buildings designed with optimizing the cross-sectional shapes
There are many architects who have designed their buildings in various cross-sectional
shapes. Some of them are presented as shown.
Figure 4-2. Swiss Re Building in London, UK (guardian.co.uk, aidan.co.uk)
An example of building designed in circular cross-sectional shape can be seen from the
Swiss Re Building, which is located in London, United Kingdom. This commercial
building, whose height is 590ft, is designed by the world's famous architect Norman
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Foster, engineered by Arup and constructed by Skanska. As it can be seen from the
figures below, the architects utilize circular cross-section not only for the architectural
purpose, but also hope to reduce the impacts of wind loads as buildings of this height is
susceptible to wind.
Another example is the Burj Dubai located in Dubai, United Arab Emirates. Although it
is still under construction, it is going to be the tallest building in the world when
construction completes in summer 2009. The exact height of this building is still being
kept as a secret, however, it has been confirmed that its height will be between 2,300ft to
3,100ft. This mix-used building is designed by Skidmore, Owings and Merrill and
constructed by Samsung Constructions. Unlike the Swiss Re Building mentioned before,
the designers of Burj Dubai choose another cross-sectional shape - Y-shape.
Figure 4-3. Computer rendering of the Burj Dubai (left) and photo taken in February 2007 (right), showing
the under-constructed Burj Dubai (bujdubaiskyscraper.com)
The Y-shape cross-section is actually inspired from a flower known as Hymenocallis. It
is a plant that can be widely seen in Dubai and the surrounding region. The shape of this
flower does not only give unique shape and inspiring idea to the building, but it also
provides aerodynamic effect to the structure.
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The Y-shape cross-section can be seen from the figures below. Besides optimizing the
cross-section, the designers also apply the method of tapering by introducing nine
setbacks along the vertical direction of the building. According to the engineers from
RWDI Inc., the firm which conducted wind tunnel tests for Burj Dubai, this Y-shape
cross-sectional shape, together to the setback, is able to reduce the motions due to wind
load by disrupting the formation of vortex shedding (Irwin & Baker, 2006).
Figure 4-4. The Y-shape cross-section adopted in Burj Dubai (burjdubaiskyscraper.com)
Figure 4-5. The cross-sections and the nine setbacks of the building (burijdubaiskyscraper.com)
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4.3 Optimizing cross-sections by selection of different shapes
4.3.1 Crosswind response
As mentioned before, many different shapes other than the typical rectangular cross-
sections have been adopted in many designs. For example, circular and Y-shape used in
the Swiss Re Building and Burj Dubai Tower respectively. The advantage of doing so is
that these shapes are able to suppress motions of buildings induced by wind.
A few researches have been conducted in the past to prove experimentally the
effectiveness of using different cross-sections over the rectangular cross-sections in
controlling the responses of buildings due to wind loads. One of the researches was
conducted by Hayashida and Isawa (1990) in which four building models with different
cross-sectional shapes - square, Y-shape, triangle and circle - were compared in a wind
tunnel setup. The models were scaled accordingly to simulate a building that is
approximately 2000ft tall and 480,000 tons heavy.
The four major shapes - square, Y-shape, triangle and circle - are denoted as Type A-1,
B-1, C-1 and D Figure 4-6, which is shown on the next page. Four other cross-sections,
which were created by modifying the corners of the four major shapes, were also tested in
the wind tunnel setup and denoted as Type A-2, B-2, C-2 and E. In Figure 4-6, the
maximum crosswind responses of the building models are plotted against the mean
velocity of wind. The solid and broken lines represent the situation in which wind acts
perpendicular and at an angle to the buildings respectively. For wind loads acting in the
perpendicular direction of the four major shapes, the square cross-section produces the
largest crosswind displacement, followed by the circular, triangular and the Y-shape
cross-section. As a result, it can be proved that by changing the cross-sections from the
rectangular shape to circular, triangular and Y-shape, the crosswind response can be
reduced by more than 50%.
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Figure 4-6. Crosswind displacement of models with different cross-sectional shapes under two different
wind directions (Hayashida & Iwasa, 1990)
As mentioned in Chapter 2, the effects of corner-modification also depend on the cross-
sectional shapes of buildings. It can be proved from the results presented in Figure 4-6.
In Type A-2, E and B-2, which are the corner modification's models of square and Y-
shape cross-section respectively, significant reduction in crosswind responses was found.
This agrees with the results presented in Chapter 2. However, in Type C-2, which is the
corner modification's model of triangular cross-section, a larger crosswind response was
observed. This suggests that corner-shaping does not necessary guarantee a reduction in
crosswind displacement. It is, in fact, dependent on the cross-sectionals shapes of
buildings.
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4.3.2 Strouhal number of various cross-sections
As discussed in the Introduction, Strouhal number (S) is a dimensionless number used to
relate the frequency of vortex shedding (f), the width of the object in crosswind direction
(D) and mean velocity of wind (V). It has been proved that Strouhal number varies with
the cross-sectional shapes of buildings (Holmes, 2001). The Strouhal numbers for vortex
shedding for some cross-sections are tabulated as shown.
Cross-section Strouhal number for vortex shedding
Circle 0.2
I-shape (with alongwind width equals 2D) 0.14
Square 0.12
Rectangle (with alongwind width equals 2.5D) 0.06
Triangle 0.05
Y-shape N/A
Table 4-1. Strouhal numbers for vortex shedding for some cross-sections.
Since S = f x D / V, for cross-sections that have the same crosswind width and subjected
to the same wind velocity, the Strouhal number is proportional to the frequency of vortex
shedding. It is interesting to note that Y-shapes do not seem to have noticeable vortex
shedding frequency (Hayashida & Iwasa, 1990). Therefore, it can be concluded that
circular shapes have the largest vortex shedding frequency among the six cross-sections
mentioned above.
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4.3.3 Optimizing cross-sections by selection of different shape: A Case Study
Herein, a real case using this type of aerodynamic modification is presented. A
residential building with a lens-shape cross-section was planned to be constructed in
Vancouver, Canada. For a residential building, it is crucial to limit the accelerations as
low as possible so that the tenants do not suffer from dizziness, headaches and nausea.
Usually, a building is designed so that the peak acceleration of the building is smaller
than 0.02 times of gravity, or 0.02g.
After the initial plan of the building was developed, a model based on that plan was
created and tested in a wind tunnel in RWDI. Inc., the world's renowned wind
engineering consulting firm. The results showed that the building would experience a
huge excitation in the crosswind direction, mainly caused by vortex shedding. Figure 4-7
shows the crosswind peak acceleration versus the angle of wind incidence for the lens
and bullet-shape, which are the initial and modified cross-sections respectively. It can be
seen that for the lens-shape cross-section, a peak crosswind response can be found when
the angle of wind incidence is at 270 degrees. The corresponding value for this peak
acceleration felt by human beigns is approximately 0.04g, which is twice as large as the
desirable acceleration.
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Figure 4-7. Crosswind peak accelerations of the lens-shape and bullet-shape cross-section when the angle
of wind incidence is between 250 to 290 degrees (Irwin et al., 1998).
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To solve this problem, one of the solutions is to change the orientation of the building.
However, it is not possible mainly due to planning constraints (Irwin et al., 1998).
Therefore, the engineers in RWDI, Inc. suggested altering the shape of the cross-section.
This was done by changing the original lens-shape to bullet-shape, as illustrated in Figure
4-8. After switching to the bullet-shape cross-section, the peak acceleration in the
crosswind response changed from 0.04g to approximately 0.27g, which corresponded to a
30% reduction. It should be noted that the final peak acceleration is smaller than 0.27g as
the structure of the real building would also contribute to damping.
Figure 4-8. (Left)
x x
Y Y
The original and (Right) modified cross-section (Irwin et al.,
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4.4 Optimizing cross-sections by tapering
Tapering is another type of aerodynamic modification by changing the cross-section of a
building. It is done by decreasing the cross-sectional area of a building when its height
increases. Many recently constructed tall buildings, for instance, the Petronas Tower and
the Burj Dubai, have adopted this aerodynamic modification in their designs.
A few researches have been conducted to examine its effectiveness in suppressing motion
caused by wind load. One of them was conducted by Kim and You (2002). In the
following sections in this chapter, the results of the experiment will be presented. In Kim
and You's research, four building models with four different taper ratio of 0%, 5%, 10%
and 15% were made and tested in a wind tunnel setup. The models were made to scale a
building with 525ft height. An illustration of the four building models can be seen in
Figure 4-9. As seen from the figure, (a) to (d) represent building model with taper ratio
0%, 5%, 10% and 15% respectively. Also, suburban and urban flows, which are denoted
as BL1 and BL2 in the experiment, were used to compare the effect of tapering under
different flow conditions.
A
0
10 6
N(h (c)
Figure 4-9. Building models with four different taper ratios.
All numbers in the figure are in centimeters (Kim and You, 2002)
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4.4.1 Displacement responses
Both alongwind and crosswind responses were recorded in the wind tunnel test and they
are presented in Figure 4-10 and 4-11. In the figures, the root-mean-square displacement
for alongwind and crosswind direction is plotted against the angle of wind incidence. For
both scenarios, a design wind speed of 100 years return period was used.
Type 1 to 4 in the figure below denotes the building model with taper ratio of 0%, 5%,
10% and 15% respectively. As it can be seen from the figure of alongwind displacement,
tapering the building models that were under suburban flow condition, or BL 1, produced
a larger effect in suppressing the alongwind motion. It can also be observed from the
figure that the effect of tapering on the alongwind direction is reasonably effective for
angle of wind incidence between 0 to 60 degrees.
unit : m
0 15 30 45 600.35- 0.35
. L1-TYPE2
0.30 j -rfpe3 0.30
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BL2.TVPEI0.25-- BL2TPE2 0.25
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-.-- 8L-TYPE4
020 - 0.20
8 0.15- 0.15
0.10- 0.10
0.05- 0.05
0 15 30 45 60
DEGREE
Figure 4-10. Alongwind displacements of the four building models under urban and
suburban flow conditions (Kim and You, 2002)
Similar results can be observed in the crosswind direction. From angle of wind incidence
equals 0 to 60 degrees, tapering is able to suppress the impact of wind load on buildings.
The largest reduction can be seen when wind is acted perpendicular to the building in the
suburban flow condition, i.e. 0 degree angle of wind incidence under BLl.
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With a tapering ratio equals 15%, the crosswind displacement of the building model was
reduced from an original value of 1.6ft, which was obtained from the non-tapered model,
to approximately 0.7ft. In other words, by tapering the building by 15%, the crosswind
displacement can be reduced by more than 50% in suburban flow condition.
unit: m
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0,0 0'0
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Figure 4-11. Crosswind displacements of the four building models under urban and
suburban flow conditions (Kim and You, 2002)
4.4.2 Power spectrum
In addition displacements of the building models, the alongwind and crosswind forces
were also measured in the wind tunnel test for the suburban flow condition. Figure 4-12
shows the force spectrum of the alongwind and crosswind direction obtained from that
flow condition. The y and x-axis represent the force coefficient and the Strouhal number
respectively.
The alongwind force spectrum shows generally lower values than the crosswind force
spectrum. This result is reasonable as the crosswind direction of tall buildings is
subjected to larger forces created by vortex shedding. As for the crosswind force
spectrum, it can be observed that a peak force is found when the Strouhal number equals
approximately 0.1. It has been concluded that this peak force is caused by vortex
shedding. The effect of tapering a building can also be seen from the figure. The higher
the taper ratio a building model has, the larger reduction in alongwind and crosswind
force coefficient it produces.
44
Chapter 4 - Aerodynamic Modification: Optimizing the Cross-sectional Shape MIT M.Eng. Thesis 2007
IE-3 0,01 0.1 1
-- BL1-TYPE1I
9LI-TYPE2
BL- TYPE3ft YE
0.1
0.01 -
I E-3 -
0,1 0.1
0.01
1 E-3
1E-4
1 E-5
CM
Cr
0.011
1E-3-
1E-4 
1E-3 0.01 0.1
- -- 50L-TPE1
-0.1
-0.01
1 E-3
1 E-4
1E-5 ., I , ", . . 1E-5
1E-3 0.01 0.1 1
nB/Uh
Figure 4-12. Force spectrum of the alongwind (left) and crosswind (right) direction
under suburban flow condition (Kim and You, 2002)
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4.5 Optimizing cross-sections by adjusting the B/D ratio
In the last two sections, two types of aerodynamic modification by optimizing the cross-
sectional shape are presented. The first modification is the selection of other cross-
sectional shapes that produce smaller response due to wind load than the rectangular
shapes. The second modification is through tapering which decreases the cross-sectional
area of a building as its height increases.
Both modifications are effective in reducing the crosswind responses due to wind loads.
However, these modifications are often considered not economical. For selection of
different shapes, it is not because rectangle is the best shape in maximizing the floor area
of a building. On the other hand, tapering a building is not economical due to the
decrease in floor area as its height increases. This economical concern is a reason why
many tall buildings are still being designed in rectangular cross-sections and without any
tapering. If economy is really a concern, it is still possible to apply aerodynamic
modification to suppress motions caused by wind loads. This is achieved by optimizing
the B/D and aspect ratio.
The B/D ratio is the ratio of the length to the width of a cross-section. In this thesis, the
length and width is defined as the crosswind and alongwind's dimension respectively. It
is illustrated as shown below.
Length, B
Wind -I
Width, D
Figure 4-13. Illustration of length (B) and width (D) of a cross-section.
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In order to understand the effects of B/D ratio on the motions of buildings caused by
wind, a few researches have been conducted. One of the researches was conducted by
Zhou et al. (2003). In that research, seven rectangular cross-sections with different B/D
and aspect ratios were examined in a wind tunnel setup. The dimensions of the seven
cross-sections are tabulated below.
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7
B (in) 6 6 6 4 4 3 2
D (in) 2 3 4 4 6 6 6
B/D 3 2 1.5 1 0.67 0.5 0.33
Table 4-2. The seven cross-sections used in the wind tunnel test
4.5.1 Power spectrum
A power spectrum of those seven cross-sections is obtained from the NatHaz
Aerodynamic Loads Database (http://aerodata.ce.nd.edu/), which is developed by Zhou et
al. Some of the key data of the power spectrum is extracted and tabulated as shown
below.
Model 1 Model 2 Mo del 3 Model 4 Model 5 Model 6 Model 7
B/D 3.00 2.00 1.50 1.00 0.67 0.50 0.33
Max. Cm(f) 2.02 1.72 1.32 0.95 0.75 0.63 0.53
Strouhal number 0.09 0.09 0.09 0.08 0.07 0.06 0.03@ max Cm(f)
Base Moment 0.14 0.17 0.17 0.15 0.11 0.10 0.10Coefficient
Table 4-3. Results obtained from the NatHaz Aerodynamic Loads Database.
The database gives several key data. For instance, Cm(f), which is the coefficient of non-
dimensionalized power spectrum. Also, it gives the corresponding value of the maximum
Cm(f). Moreover, it also gives the base moment coefficient for each model.
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The data presented in Table 4-3 is plotted in Figure 4-14. The x-axis represents the B/D
ratio of the seven cross-sections while the y-axis represents the corresponding maximum
Cm(f) divided by 10, Strouhal number at maximum Cm(f) and base moment coefficient.
Effects of B/D ratio
0.25 --------------------------------- ---
-0-Strouhal number at peak Cm(l)
.- Base moment coefficient
-L Max Cm(f) /100.2-
0.15
0.1
0.05
0
0 0 .5 1 1.5 2 2.5 3
B/D
Figure 4-14. Effects of B/D with the max Cm(f), Strouhal number at max Cm(f)
and base moment coefficient.
There are a few key observations that can be seen from the Table 4-3 and Figure 4-14.
1) As B/D ratio decreases, the maximum Cm(f) drops.
2) When B/D ratio is larger than 1, the Strouhal number at maximum Cm(f) is 0.09.
However, once the B/D ratio is smaller than 1, the Strouhal number tends to drop
very rapidly.
3) As B/D ratio decreases, the base moment coefficient drops.
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Based on these observations, it can be concluded that decreasing the B/D can generally
reduce the crosswind responses of buildings, as evidenced by the plot of maximum Cm(f)
and base moment coefficient against B/D. An explanation for this is that when the width
of a cross-section increases and the length decreases, i.e. the after-body length becomes
longer, there is a suppressing effect on the organized wake fluctuations (Zhou et al.,
2003). The effect can be seen from Figure 4-15 in which flow pattern of cross-sections
with different B/D ratios is obtained from computational fluid dynamics software. As
shown in the figure, when B/D ratio decreases, the after-body length prohibits the process
of vortex shedding.
B/D = 1.7
B/D = 1.0
B/D = 0.7
B/D = 0.5
B/D=0.4
B/D=0.3
SCB/D = 0.25
B/D = 0.2
B/D= 0.17
B/D= 0.14
/7) B/D =0.13
Figure 4-15. Flow pattern for 2D rectangular cross-sections obtained from CFD
(Shimada & Meng, 1998)
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5.1 A brief overview
In the last few chapters, three widely-used aerodynamic modifications - shaping corners
of buildings, addition of openings through buildings and optimizing cross-sectional
shapes - are presented and discussed. It has been shown with evidence from previous
researches that all the modifications are able to reduce the impact of wind load on tall
buildings. Following those results presented in the last few chapters, a logical question to
ask is which modification actually is the best and most effective in minimizing the
motion of buildings due to wind load.
An exact quantitative answer for that question, however, is difficult to seek for. One of
the reasons is that without a wind tunnel test, it is very difficult to compare the
effectiveness of the three aerodynamic modifications as the flow pattern of a particular
wind loading is unknown. Knowing the flow pattern is important because if a building is
surrounded by other much taller buildings, that building is less likely to be affected by
wind load. Thus, for a particular flow pattern, an aerodynamic modification may produce
the best reduction. However, when that flow pattern changes, it may produce the worst
reduction. As a result, it is hard to identify correctly the response of a particular building
without any wind tunnel test.
5.2 Comparison based on angle of wind incidence
Although it is difficult to seek for an exact quantitative answer for the comparison, an
indirect approach can be used to compare the three aerodynamic modifications. It is done
by comparing the angle of wind incidence using the predominant wind direction of each
type of aerodynamic modification. As mentioned in the last few chapters, the effects of
the three aerodynamic modifications are affected by the angle of wind incidence, as
evidenced in the last few chapters. Therefore, for a particular angle of wind incidence,
one of the modifications maybe the most effective. However, once the angle of wind
incidence changes, that modification may become less effective. Thus, if the predominant
wind direction of a location is known, it is possible to compare the effectiveness of each
aerodynamic modification.
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5.2.1 Methodology
The preliminary comparison based on comparing the variation of the angle of wind
incidence on the effect of the three modifications is done using the following method.
First, a particular location has to be chosen. In this comparison, a building is assumed to
be located in the downtown area of Boston. It is also assumed that its cross-section's
orientation is at right angles to the North, South, East and West directions. In other
words, when wind acts on the building from the North, it makes an angle of 360 degrees
with the building. Similarly, when wind acts on the building from the South, it makes an
angle of 180 degrees with the building.
The first step is to collect data about the wind direction in the Boston area. The data is
obtained from the National Weather Service Forecast Office which has data about wind
observed by a station located in the Boston area, for example, the maximum observed
wind speed, the average wind speed and the average wind direction. The data library
stores climate data in the past five years. In this comparison, wind data from January
2005 to April 2007 is considered. With the collected wind data, the predominant wind
direction can be found. As an initial approach, an assumption is made here to simplify
the analysis. For wind direction that is in the range of 0 to 90 degrees, it is assumed to be
in the NE direction. Similarly, for wind directions in the range of 90 to 180 degrees, 180
to 270 degrees and 270 to 360 degrees, they are assumed to be in the SE, SW and NW
direction respectively. A table summarizing the results is shown below.
Year Wind Direction Probability of occurrence
NE (00<x<900) 0.167
2005 SE (90'<x<180') 0.083SW (180'<x<270 0) 0.500
NW (2700<x<3600) 0.250
NE (0*<x<900) 0.083
2006 SE (90'<x<1800) 0.000SW (180 0<x<2700) 0.583
NW (2700<x<3600) 0.333
NE (00<x<900) 0.000
2007 SE (90 0<x< 1800) 0.000
(Jan to Apr) SW (180 0<x<2700) 0.000
NW (2700<x<3600) 1.000
Table 5-1. Probability of occurrence of wind coming from the four wind directions in Boston from Jan 05 to April 07.
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As it can be observed from Table 5-1, the predominant wind directions in the Boston area
are SW and NW. With that information known, the following procedure is to look at the
wind data again and do a further analysis about the wind direction. It is necessary to be
done because the initial approach divides the wind direction into four main groups.
Although these groups give a sense of where the wind comes from, the range of each
group is quite huge. Therefore, a further analysis is needed to break the four groups into
smaller subgroups. Also, only the NW and SW groups are considered now as they are
more dominant than NE and SE directions. Hence, for the NW groups, they are broken
down into three subgroups which are ranged from 270 to 300 degrees, 300 to 330 degrees
and 330 to 360 degrees. Similarly, for the SW groups, the three subgroups are ranged
from 180 to 210 degrees, 210 to 240 degrees and 240 to 270 degrees. Results of the
further analysis are shown below in Table 5-2.
Major Wind Group Subgroup Probability of occurrence
2700<x<3000  0.50
NW 3000<x<3300  0.38
3300<x<3600  0.12
180 0<x<2100  0.29
SW 210 0<x<2400  0.40
2400<x<2700  0.31
Table 5-2. Probability of occurrence of NW and SW Directions in Boston over the last two years.
It can be concluded from Table 5-2 that in the NW direction, the predominant wind
comes mainly from an angle of 270 to, 300 degrees. On the other hand, in the SW
direction, the predominant wind comes from an angle of 210 to 240 degrees. A range of
270 to 300 degrees corresponds to a range of angle of wind incidence from 0 to 30
degrees if the building orientation is the same as shown in Figure 2-10. Similarly, a
range of 210 to 240 degrees corresponds to a range of angle of wind incidence from 30 to
60 degrees. As a result, the governing range of angle of wind incidence is from 0 to 60
degrees.
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With that result obtained, the next stage of the comparison can be preceded. In the
previous chapters, graphs showing the effects of each type aerodynamic modification
against the angle of wind incidence are presented in Figure 2-10 for corner-shaping,
Figure 3-10 for addition of openings through buildings and Figure 4-11 for optimizing
cross-sectional shapes through tapering. In this comparison, an aerodynamic
modification is considered to be the best option if it can suppress the crosswind response
of the building between the angle of wind incidence from 0 to 60 degrees without too
many additional constraints. The analysis is described in the following paragraphs.
The method of adding openings through buildings generally can suppress the crosswind
response. However, it has to be noted that its effect is not significant if opening is added
to only the alongwind or crosswind direction for 0 to 60 degrees angle of wind incidence.
In other words, to maximize the effectiveness of adding openings through buildings for 0
to 60 degrees angle of wind incidence, both alongwind and crosswind openings have to
be added together. The drawback of doing so is a drop in profit to the owner as much of
the top portion of a building, where the rent is usually the highest, is taken and used for
controlling the motion of the building.
The method of corner-shaping can also generally reduce the crosswind response due to
wind loads, as shown in Figure 2-10. Its effect is most efficient between a range of 0 to
30 degrees angle of wind incidence. However, between a range of 30 to approximately
55 degrees, corner-shaping loses its effectiveness in reducing the crosswind response. In
other words, a building without any corner modification actually responds less than a
building that has corner modified when the angle of wind incidence is between 30 to 55
degrees.
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The method of optimizing cross-sectional shape by tapering is also able to reduce the
crosswind response. In addition, this method is not limited by the angle of wind
incidence, as shown in Figure 4-11. The other factor that reduces its effectiveness is if
the building is located in a suburban flow environment. However, since the building in
this comparison is located in downtown Boston, which has an urban flow environment,
its effectiveness is not affected.
As a result, based on comparing the angle of wind incidence against the effectiveness of
each type of aerodynamic modification, the method of optimizing cross-sectional shape
by tapering is the best option. The other two options are still able to suppress crosswind
responses, but additional constraints are needed to be taken into account.
5.3 Comparison based on economy, appearance, ease of construction and sustainability
Herein, a more qualitative approach is presented to compare the three modifications is
presented. In evaluating the successfulness of a building, there are a few factors that are
usually considered. They are described as follows.
a. Economy
It is quite obvious that almost everything in the construction industry is driven by
money. Therefore, this criterion measures whether an aerodynamic modification is
able to produce the largest benefit to cost ratio to a building.
In terms of cost, addition of openings through buildings costs the most as special
engineering designs and construction techniques are needed to build the openings.
The method of optimizing cross-sectional shape requires engineers to design a
building using an atypical shape. In other words, extra costs are also needed for the
special engineering designs and construction techniques. The method of corner-
shaping requires less cost as it does not require too much special engineering design
and construction technique.
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In terms of benefit, both addition of openings and optimizing cross-sectional shape do
not tend to maximize profits to owners. It is because adding openings through
buildings, especially near to the top of buildings where the rent is the highest, reduce
the revenues of buildings due to rents. On the other hand, since rectangle is the only
shape that maximizes the amount of rental area, using other shapes indirectly reduce
the amount of rental area and thus, the potential revenues received. The use of
corner-shaping in a building does not affect the benefit as it does not reduce any
rentable area.
As a result, in the "Economy" criterion, corner-shaping performs the best. It is
followed by optimizing cross-sectional shape and addition of openings.
b. Appearance
Appearance of a building has been a critical factor to a building for many years. It
affects the image of a building in many minds. It also affects the revenue of a
building as tenants like to have their offices in the focus of a city. Among the three
modifications, the method of introducing openings through buildings is the most
architecturally appealing. It is because this idea is still new to most people. In
addition, there are not too many buildings in the world that are designed with large
openings through their buildings. The method of optimizing cross-sectional shape is
also architecturally appealing. The concept of using shapes other than the typical
rectangles allows buildings to be noticeable. However, one has to view from the top
of floor-plans in order to fully appreciate its attractiveness. On the other hand, the
method of corner-shaping may not be the best architecturally appealing as the
modified corners often are not eye-catching.
As a result, in the "Appearance" criterion, addition of openings is the best, followed
by optimizing cross-sectional shape. In contrast, the method of corner-shaping
performs the worst.
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c. Ease of construction
This criterion measures how difficult, it is to incorporate the aerodynamic medication
into the building. Among the three modifications, addition of openings through
buildings is the most difficult to construct as this technique is still new. The method
of optimizing cross-sectional shape is also difficult to be incorporated as the
construction has to deal with atypical shapes. On the other hand, corner-shaping is
less difficult to be incorporated into a building as this modification affects only the
fagade but not the structural components.
As a result, in the "Ease of construction" criterion, corner-shaping is the easiest to be
incorporated into a building. It is followed by the method of optimizing cross-
sectional shape and addition of openings.
d. Sustainability
Sustainability has become a major issue in the construction industry during the last
decade. Many owners nowadays have required the designs of their buildings to be
LEED certified. Among the three modifications, only the method of adding openings
through buildings is the most sustainable. It is because a wind turbine can be
installed at the opening to generate electricity for the usage of the tenants. An
example of such design is found in Pearl River Tower in Guangzhou, China, as
shown in Figure 3-4. On the other hand, the other two modifications are not
considered to be sustainable themselves.
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5.4 Comparison matrix
Sections 5.2 and 5.3 describe the different approaches to compare the three aerodynamic
modifications. A comparison matrix is used to incorporate those analyses and present the
final result.
There are a total of five criterions in the comparison matrix, namely "economy",
"architectural appearance", "ease of construction", "sustainability" and "effectiveness in
reducing motion caused by wind". All of these criterions have been discussed in
previous sections in this chapter. A score is assigned to each modification for each
criterion to represent its performance. The assigned scores are based on the discussions
in the previous sections. A higher score represents a better performance. Also, for the
sake of simplicity, the best performer gets a score of 6, while the second and third best
performer gets a score of 3 and 1 respectively.
In addition to the five criterions, one can also define how important each of the five
criterions is by assigning values to the "User-defined Input". For the comparison in this
thesis, it is assumed that "economy" is the most critical as the building is located in
downtown Boston where the cost of living is high. The "effectiveness in reducing
motion caused by wind" is also important as it is basically the main focus of this thesis.
Each of them is assigned to have a weight of 30%. As mentioned above, sustainability is
a major concern in the building industry. Therefore, it is assigned to have a weight of
20%. Lastly, the remaining 20% is divided equally between "architectural appearance"
and "ease of construction".
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corner-shaping and addition of openings through buildings. However, one should note
that the comparison performed above is based on the assumption that the building is
located in downtown Boston.
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After entering all the inputs, a comparison matrix is completed and the result is presented
in Figure 5-1.
Default Input:
Corner-shaping Openings Cross-sections Sum
Economy (enter 1, 3, or 6) 6 1 3 10
Architectural appearance (enter 1, 3, or 6) 1 6 3 10
Ease of construction (enter 1, 3, or 6) 6 1 3 10
Effectiveness (enter 1, 3, or 6) 3 1 6 10
Sustainability (enter 1, 3, or 6) 1 6 3 10
User-defined Input:
How important is Economy (0-100%) 30
How important is Architectural appearance (0-100%) 10
How important is Ease of construction (0-100%) 10
How important is Effectiveness (0-100%) 30
How important is Sustainability (0-100%) 20
Good! Look at theSum 100 results below.
Comparison:
Corner-shaping Openings Cross-sections
Economy 1.8 0.3 0.9
Architectural appearance 0.1 0.6 0.3
Ease of Construction 0.6 0.1 0.3
Effectiveness 0.9 0.3 1.8
Sustainability 0.2 1.2 0.6
Total Score (out of 5) 3.6 2.5 3.9
Highest score 3.9
The recommended modification Is... Cross-sections
Figure 5-1. Comparison matrix used to compare the three aerodynamic modifications.
Based on the result shown in Figure 5-1, the method of optimizing cross-sectional shape
is the best among the three aerodynamic modifications. It is followed by the method of
MIT M.Eng. Thesis 2007
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Apoendix
2005
Jan
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<270 20
<300 23
<330 29
<360 31
270<x<300 3
300<x<330 6
330<x<360 2
SUM 11
<180 13
<210 15
<240 17
<270 20
180<x<210
21 0<x<240
240<x<270
SUM
2
2
3
7
Ave wind Max wind Wind
speed speed direction
14.9 30 290
10.2 17 70
9.9 21 240
7.9 14 270
9 16 20
13.3 23 110
11.9 30 270
6.9 18 10
5.8 13 340
13 22 220
7.9 17 320
13.8 23 100
6 23 210
18.9 35 210
8.6 21 310
13.3 26 30
16.1 25 10
18.5 26 310
9.2 17 150
14.3 23 300
17.2 24 320
13 41 60
27.9 44 60
15.3 25 300
12.2 24 320
13.8 25 10
15.1 24 360
10.6 18 320
7.4 16 260
9.1 17 10
10.3 20 30
<90 10
<180 13
<270 20
<360 31
NE 10
SE 3
SW 7
NW 11
Total 31
Probability
NE 0.32
SE 0.10
SW 0.23
NW 0.35
Total 1
2005
Feb
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
<270 16
<300 22
<330 26
<360 28
270<x<300 6
300<x<330 4
330<x<360 2
SUM 12
<180 11
<210 11
<240 13
<270 16
180<x<210 0
210<x<240 2
240<x<270 3
SUM 5
Ave wind Max wind Wind
speed speed direction
5.2 10 110
8.3 14 20
9.9 14 20
11.4 18 30
6.9 13 340
8.7 14 20
4.2 9 240
8 14 230
7.5 13 310
12.8 29 10
19.3 35 300
13 20 270
11.5 20 310
8.5 16 130
11.6 28 160
12.3 26 290
9.8 18 300
14.3 25 290
12 21 270
11.7 20 260
17.2 26 100
10.1 18 350
11.6 21 290
10.9 18 330
10.4 21 30
8.9 18 310
14.4 23 290
12.2 28 70
<90 7
<180 11
<270 16
<360 28
NE 7
SE 4
SW 5
NW 12
Total 28
Probability
NE 0.25
SE 0.14
SW 0.18
NW 0.43
Total 1
2005
March
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<270 17
<300 24
<330 30
<360 31
270<x<300 7
300<x<330 6
330<x<360 1
SUM 14_
<180 11
<210 12
<240 14
<270 17
180<x<210
210<x<240
240<x<270
SUM
1
2
3
6
Ave wind Max wind Wind
speed speed direction
13.3 32 30
16.8 29 290
16.8 29 300
14.4 25 270
12.5 18 290
14.9 28 240
13.4 29 210
16.7 40 300
23.8 38 270
11.4 20 270
9.1 23 120
8.5 22 70
8.9 17 290
14.7 22 300
14.7 22 320
12.6 20 310
8.9 18 310
8.7 18 310
11.4 22 310
10.3 17 240
7.4 14 40
11 17 300
12.4 25 90
13.6 24 40
11.1 20 320
10.1 15 130
10.4 22 110
10.2 17 10
12 22 360
9.8 21 30
8.4 16 90
<90 8
<180 11
<270 17
<360 31
NE 8
SE 3
SW 6
NW 14
Total 31
Probability
NE 0.26
SE 0.10
SW 0.19
NW 0.45
Total 1
2005
April
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
<270 27
<300 29
<330 30
<360 30
270<x<300 2
300<x<330 1
330<x<360 0
SUM 3
<180 19
<210 23
<240 26
<270 27
180<x<210 4
210<x<240 3
240<x<270 1
SUM 8
Ave wind Max wind Wind
speed speed direction
8.7 18 110
16.8 25 100
15.3 31 110
13.4 21 290
11.5 22 300
7.7 21 110
8.7 26 230
9.2 21 310
9.4 18 110
7 22 40
12.8 20 40
12.2 20 90
9.9 16 120
13 24 40
10.5 20 90
8.2 15 140
7.2 16 120
10.1 17 90
8.8 20 120
13.1 29 40
11.4 24 20
11.3 24 200
12.2 23 190
15.6 24 150
14.8 30 230
13.4 28 190
12.3 23 110
11.9 16 260
14.8 23 230
8.1 15 210
<90 8
<180 19
<270 27
<360 30
NE 8
SE 11
SW 8
NW 3
Total 30
Probability
NE 0.27
SE 0.37
SW 0.27
NW 0.10
Total 1
I I _______________________________
2005
May
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<270 26
<300 28
<330 30
<360 31
270<x<300 2
300<x<330 2
330<x<360 1
SUM 5
<180 20
<210 22
<240 24
<270 26
180<x<210
210<x<240
240<x<270
SUM
2
2
2
6
Ave wind Max wind Wind
speed speed direction
9.1 21 270
14.3 26 220
12.1 21 260
8.4 16 120
9.4 18 110
9.7 17 80
24.6 40 20
19.2 25 10
9.9 20 20
7.8 14 100
10 17 220
14.6 26 350
10.2 18 280
5.8 13 80
10.8 16 20
7.7 15 20
9.5 20 110
6.7 15 40
8.5 14 310
9.8 20 200
13 23 40
9.8 18 310
11.5 25 20
23.6 36 40
30.1 41 30
15.1 36 30
6.8 13 290
9.7 22 210
5.3 13 170
6 18 10
7.6 13 80
<90 15
<180 20
<270 26
<360 31
NE 15
SE 5
SW 6
NW 5
Total 31
Probability
NE 0.48
SE 0.16
SW 0.19
NW 0.16
Total 1
2005
June
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
<180 14
<210 17
<240 24
<270 28
180<x<210 3
210<x<240 7
240<x<270 4
SUM 14
<270 28
<300 28
<330 29
<360 30
270<x<300 0
300<x<330 1
330<x<360 1
SUM 2
Ave wind Max wind Wind
speed speed direction
7.7 14 110
10.4 16 200
11.8 22 230
7.1 14 120
9.2 17 110
9.9 17 230
13.4 22 270
10.4 25 10
6.9 14 160
13.6 22 230
9.2 17 230
10 21 250
8.8 12 250
10.3 17 20
11.8 21 30
7.5 15 80
8.1 16 20
7.5 17 90
7.2 15 90
9.4 17 200
11.9 21 260
8.6 18 340
9.4 17 230
13.5 22 240
13.3 18 240
6.4 17 10
8.3 15 70
10.1 18 200
12.1 23 310
8.3 13 40
<90 10
<180 14
<270 28
<360 30
NE 10
SE 4
SW 14
NW 2
Total 30
Probability
NE 0.33
SE 0.13
SW 0.47
NW 0.07
Total 1
2005
July
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<180 13
<210 17
<240 22
<270 23
180<x<210 4
210<x<240 5
240<x<270 1
SUM 10
<270 23
<300 28
<330 30
<360 31
270<x<300 5
300<x<330 2
330<x<360 1
SUM 8
Ave wind Max wind Wind
speed speed direction
6.3 13 220
11 17 290
8.2 15 100
8.2 20 110
11.3 18 230
12.6 24 50
12.7 21 30
13.1 22 50
12.7 23 260
13.6 22 290
11.6 21 340
8.8 15 110
10.7 18 210
11.8 22 220
10.3 18 80
8.3 20 180
8.8 16 200
8.7 16 190
10 21 290
9.6 18 290
7.4 14 120
7.7 21 330
12.7 22 330
11.1 17 110
15.1 31 230
10.4 20 220
14.5 23 200
10.8 20 70
10 21 290
8.7 15 80
5.8 14 100
<90 6
<180 13
<270 23
<360 31
NE 6
SE 7
SW 10
NW 8
Total 31
Probability
NE 0.19
SE 0.23
SW 0.32
NW 0.26
Total 1
2005
August
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<180 15
<210 25
<240 27
<270 28
180<x<210 10
210<x<240 2
240<x<270 1
SUM 13
<270 28
<300 30
<330 30
<360 31
270<x<300 2
300<x<330 0
330<x<360 1
SUM 3
Ave wind Max wind Wind
speed speed direction
9.5 25 210
8.7 23 210
9.3 16 100
8.4 17 100
10.4 39 260
10.3 16 110
10.2 17 200
8.8 17 190
12 23 240
10.9 16 190
7.5 14 80
9.2 22 110
10.4 21 190
7.5 21 100
9.9 17 20
7.9 14 110
8.4 17 360
7.6 15 90
7.6 17 110
7.7 16 100
10.6 18 220
10.1 20 290
8.4 16 290
8 14 30
8.7 16 100
7.3 14 130
9.4 18 190
8.4 16 190
8.1 29 180
6.9 15 190
16.6 28 200
<90 4
<180 15
<270 28
<360 31
NE 4
SE 11
SW 13
NW 3
Total 31
Probability
NE 0.13
SE 0.35
SW 0.42
NW 0.10
Total 1
2005
Sept
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
<180 10
<210 14
<240 20
<270 22
180<x<210 4
210<x<240 6
240<x<270 2
SUM 12_
<270 22
<300 25
<330 26
<360 30
270<x<300 3
300<x<330 1
330<x<360 4
SUM 8
Ave wind Max wind Wind
speed speed direction
11.6 23 300
9 17 270
10.4 17 290
7.5 17 80
8.4 15 100
6.9 14 110
8 16 120
8.1 17 220
8.3 15 40
8.5 17 360
9.7 20 230
12.7 21 290
7.1 14 80
10.2 17 200
6.7 17 220
9.6 16 40
7.2 13 360
5.1 12 340
7.4 14 250
12.3 21 240
12.2 18 240
11.3 24 220
12.5 20 340
8.7 16 80
9.1 17 200
16.2 25 200
13 25 320
7.8 17 110
15.6 41 190
8.6 14 150
<90 5
<180 10
<270 22
<360 30
NE 5
SE 5
SW 12
NW 8
Total 30
Probability
NE 0.17
SE 0.17
SW 0.40
NW 0.27
Total 1
2005
Oct
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<270 23
<300 28
<330 30
<360 31
270<x<300 5
300<x<330 2
330<x<360 1
SUM 8
<180 15
<210 16
<240 20
<270 23
180<x<210 1
210<x<240 4
240<x<270 3
SUM 8
Ave wind Max wind Wind
speed speed direction
8.2 15 230
5.8 13 230
5 14 110
7.2 15 120
6.1 12 170
9.3 16 220
9.4 21 200
15.4 29 40
13 35 40
9.7 15 30
12.5 24 50
21.4 29 50
17.4 25 50
15.7 25 50
16.7 30 50
22 37 270
16.7 23 280
12.9 23 260
13.3 23 230
13 23 320
7.2 14 280
14.9 29 80
14.3 32 60
11.6 26 70
25.7 44 50
15.8 30 290
10.9 17 280
7.3 14 330
10.6 18 360
14.7 21 290
9.6 21 250
<90 12
<180 15
<270 23
<360 31
NE 12
SE 3
SW 8
NW 8
Total 31
Probability
NE 0.39
SE 0.10
SW 0.26
NW 0.26
Total 1
U2005
Nov
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
<180 6
<210 12
<240 16
<270 22
180<x<210 6
210<x<240 4
240<x<270 6
SUM 16
<270 22
<300 30
<330 30
<360 30
270<x<300
300<x<330
330<x<360
SUM
8
0
0
8
Ave wind Max wind Wind
speed speed direction
11.1 23 210
13 24 300
16.9 35 220
6.6 18 230
3.5 10 110
6.6 15 220
16 28 270
12.2 22 270
12.4 22 200
16.1 28 270
11.3 22 280
7.2 13 300
12.7 22 200
12.3 23 290
9.8 18 90
13.2 33 210
13.9 21 280
10.2 17 290
7 15 200
10.9 20 250
9.3 18 210
16.8 29 290
13.6 26 280
15.3 30 230
14.5 30 270
4.7 15 260
5.7 10 20
4.1 10 160
9.7 18 160
13.3 22 160
<90 2
<180 6
<270 22
<360 30
NE 2
SE 4
SW 16
NW 8
Total 30
Probability
NE 0.07
SE 0.13
SW 0.53
NW 0.27
Total 1
2005
Dec
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<180 5
<210 5
<240 8
<270 18
180<x<210 0
210<x<240 3
240<x<270 10
SUM 13
<270 18
<300 27
<330 31
<360 31
270<x<300 9
300<x<330 4
330<x<360 0
SUM 13
Ave wind Max wind Wind
speed speed direction
9.8 17 30
17.3 28 260
19.6 33 280
8.7 16 280
10.3 17 260
12.2 23 270
18.1 33 300
10.6 22 320
13.7 36 330
12.3 18 220
8 15 260
11.7 20 300
14 20 320
11.5 16 300
7.1 14 290
18.9 43 140
13.1 21 280
9.1 14 270
12.8 22 270
13.5 21 260
8.8 18 260
11.3 18 260
10.3 18 240
6.4 15 270
5 18 110
8.1 23 300
17.3 29 320
6.8 16 220
5.8 15 110
15.1 29 300
8.7 20 60
<90 2
<180 5
<270 18
<360 31
NE 2
SE 3
SW 13
NW 13
Total 31
Probability
NE 0.06
SE 0.10
SW 0.42
NW 0.42
Total 1
2006
January
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<270 16
<300 28
<330 31
<360 31
270<x<300 12
300<x<330 3
330<x<360 0
SUM 15_
<180 9
<210 11
<240 13
<270 16
180<x<210 2
210<x<240 2
240<x<270 3
SUM 7
Ave wind Max wind Wind
speed speed direction
7.5 21 50
5.2 12 230
21.1 31 50
11.9 20 10
6.6 16 260
9.1 17 300
11.8 22 300
5.1 13 290
8.5 20 270
10.4 20 290
11.6 22 210
11.8 23 280
8.1 18 210
11.8 29 170
22.3 32 320
19.7 33 290
10.4 20 300
22.3 49 180
14.8 26 250
13.9 22 240
17.4 37 290
10.2 28 300
10.4 17 40
8 15 280
8.1 17 290
16.3 28 320
14.9 23 310
13.2 20 280
6.9 18 100
11.3 17 30
17.4 26 30
<90 6
<180 9
<270 16
<360 31
NE
SE
SW
NW
6
3
7
15
Total 31
Probability
NE 0.19
SE 0.10
SW 0.23
NW 0.48
Total 1
2006
February
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
<180 5
<210 7
<240 12
<270 20
180<x<210 2
210<x<240 5
240<x<270 8
SUM 15
<270 20
<300 25
<330 28
<360 28
270<x<300 5
300<x<330 3
330<x<360 0
SUM 8
Ave wind Max wind Wind
speed speed direction
9.7 21 310
6.5 13 180
11.8 26 200
10.1 22 30
14.6 28 230
18.7 29 240
15.9 30 270
10.8 17 270
10.5 21 270
11.4 22 260
10.2 22 60
23 37 20
13.9 25 250
13.9 18 220
10.2 24 230
6.7 15 190
22.9 48 290
18.7 30 280
14.9 26 310
11.8 20 260
9.8 21 240
8.9 17 120
6.3 14 250
18.7 37 300
9.2 18 330
16.9 25 300
18.8 29 280
16.6 30 250
<90 3
<180 5
<270 20
<360 28
NE 3
SE 2
SW 15
NW 8
Total 28
Probability
NE 0.11
SE 0.07
SW 0.54
NW 0.29
Total 1
2006
March
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<270 14
<300 18
<330 30
<360 31
270<x<300 4
300<x<330 12
330<x<360 1
SUM 17_
<180 10
<210 11
<240 12
<270 14
180<x<210 1
210<x<240 1
240<x<270 2
SUM 4
Ave wind Max wind Wind
speed speed direction
13.3 22 270
10.3 17 10
19 30 320
17.6 29 320
14.1 23 310
9.1 26 320
8.4 15 80
9.9 15 110
8.2 14 120
12.9 25 270
12.8 24 310
9.6 24 210
6.2 15 20
12.6 30 300
19.8 37 280
15.6 26 290
13.6 23 330
13.8 21 310
11 18 340
16.5 25 310
11.8 23 320
12.1 23 320
10.4 20 300
7.9 15 90
12.4 21 70
10.9 20 320
12.5 18 320
9 17 130
9.7 20 110
9.6 20 110
12.7 25 220
<90 5
<180 10
<270 14
<360 31
NE
SE
SW
NW
5
5
4
17
Total 31
Probability
NE 0.16
SE 0.16
SW 0.13
NW 0.55
Total 1
2006
April
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
<270 20
<300 24
<330 26
<360 30
270<x<300 4
300<x<330 2
330<x<360 4
SUM 10
<180 14
<210 18
<240 19
<270 20
180<x<210 4
210<x<240 1
240<x<270 1
SUM 6
Ave wind Max wind Wind
speed speed direction
14.2 28 290
16.9 26 320
11.1 21 90
19.6 32 110
10.1 18 280
13.5 22 270
14.5 30 190
10.9 20 330
9.9 18 120
10.5 22 160
7.5 15 90
12.4 25 200
14.3 23 210
9.1 23 180
10.4 25 280
17 26 290
10.4 18 350
10.6 24 360
14.9 26 360
10.6 28 30
11.4 22 90
10.3 18 80
15.2 22 70
7.3 15 30
13.6 25 340
14.1 23 210
10.9 20 240
10.1 18 80
10.8 20 80
8.4 16 90
<90 10
<180 14
<270 20
<360 30
NE
SE
SW
NW
Total
Probability
NE
SE
SW
NW
10
4
6
10
30
0.33
0.13
0.20
0.33
Total 1
I I _______________________
2006
May
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<270 25
<300 28
<330 31
<360 31
270<x<300 3
300<x<330 3
330<x<360 0
SUM 6
<180 17
<210 22
<240 25
<270 25
180<x<210 5
210<x<240 3
240<x<270 0
SUM 8
Ave wind Max wind Wind
speed speed direction
17.8 29 60
18.4 26 30
12.5 18 30
8.5 15 90
7.9 14 110
9.6 22 320
10.9 18 320
8.5 15 80
20.5 35 30
14.4 24 30
9.7 17 60
13.2 18 50
14.9 20 20
14.7 23 40
11.5 21 30
10.6 21 20
13 21 190
12.7 25 190
12.9 28 200
16 29 240
15.2 45 280
17.1 25 300
14.9 23 290
9.9 16 330
9.1 22 190
6.8 17 200
5 13 80
7.8 14 90
7 14 240
11.1 20 80
9 17 220
<90 16
<180 17
<270 25
<360 31
NE
SE
SW
NW
16
1
8
6
Total 31
Probability
NE 0.52
SE 0.03
SW 0.26
NW 0.19
Total 1
2006
June
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
<180 16
<210 19
<240 22
<270 26
180<x<210 3
210<x<240 3
240<x<270 4
SUM 10
<270 26
<300 28
<330 30
<360 30
270<x<300 2
300<x<330 2
330<x<360 0
SUM 4
Ave wind Max wind Wind
speed speed direction
11 16 270
7.8 14 20
12.3 22 40
12.4 26 40
6.2 14 280
7.7 14 80
21.3 36 50
8.5 24 50
6.8 10 100
12.3 22 270
15.2 23 300
8.9 16 310
7.8 14 110
7.9 16 100
11.5 24 330
9.1 14 110
11.6 21 250
7.9 16 210
12.9 24 220
8.9 36 240
9.2 16 110
10.2 21 230
7.3 17 110
3.6 9 50
5 10 90
9.2 20 200
13 23 180
12.8 26 170
9.3 17 200
12.6 20 260
<90 8
<180 16
<270 26
<360 30
NE
SE
SW
NW
Total
Probability
NE
SE
SW
NW
8
8
10
4
30
0.27
0.27
0.33
0.13
Total 1
a ________________________
U2006
July
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<180 9
<210 14
<240 25
<270 28
180<x<210 5
210<x<240 11
240<x<270 3
SUM 19
<270 28
<300 29
<330 30
<360 31
270<x<300
300<x<330
330<x<360
SUM
1
3
Ave wind Max wind Wind
speed speed direction
13.2 23 230
16.4 25 220
10.1 16 100
8.5 22 230
9.6 15 260
6.6 14 230
6.3 14 150
6.8 12 80
8.8 20 230
12.7 24 220
10 20 190
6.9 15 230
7.9 16 10
8.5 16 270
8.7 18 210
6.9 13 80
6.9 14 110
10.1 24 10
9.1 18 360
8.4 14 60
9.9 31 240
9.1 20 200
8 16 330
9.2 16 240
12.7 22 200
10.7 17 200
12.4 22 220
14.2 32 290
13.3 21 270
9.1 18 80
6.7 14 230
<90 6
<180 9
<270 28
<360 31
NE
SE
SW
NW
Total
Probability
NE
SE
SW
NW
Total
6
3
19
3
31
0.19
0.10
0.61
0.10
1
2006
August
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<180 10
<210 12
<240 21
<270 23
180<x<210 2
210<x<240 9
240<x<270 2
SUM 13
<270 23
<300 24
<330 28
<360 31
270<x<300 1
300<x<330 4
330<x<360 3
SUM 8
Ave wind Max wind Wind
speed speed direction
11.6 20 240
13.7 29 230
12.5 22 270
5.8 17 320
8.5 15 110
10.2 18 190
12.7 26 220
11.4 18 310
9.4 16 230
12 18 360
10.6 18 10
10.4 20 320
9.4 18 300
11.7 24 220
11.9 18 240
6.4 13 110
8.6 15 110
9.2 17 200
10.8 18 230
10.6 20 230
9 20 320
8.8 16 270
7.1 17 20
8.2 14 80
8.3 14 30
8.1 14 90
7.6 17 220
8.1 16 60
10.8 17 30
6.9 16 350
6.3 14 350
<90 7
<180 10
<270 23
<360 31
NE 7
SE 3
SW 13
NW 8
Total 31
Probability
NE 0.23
SE 0.10
SW 0.42
NW 0.26
Total 1
2006
Sept
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
<180 14
<210 17
<240 23
<270 27
180<x<210 3
210<x<240 6
240<x<270 4
SUM 13_
<270 27
<300 29
<330 30
<360 30
270<x<300
300<x<330
330<x<360
SUM
2
1
0
3
Ave wind Max wind Wind
speed speed direction
10.6 16 70
19.1 25 80
12.7 23 100
11.5 20 280
7.8 13 270
6.2 10 290
6.2 13 40
7.6 16 240
9.8 20 230
10.4 20 60
13.2 22 70
9.6 16 80
8.2 15 200
6.4 17 180
8.3 16 60
4.6 10 130
6.8 14 120
10 16 210
12 18 190
13.8 20 270
12.2 21 320
9.6 17 230
11.5 21 230
14.4 31 230
9 20 270
11.8 21 270
6.8 14 110
8.4 22 110
12.5 28 230
9.8 18 110
<90 7
<180 14
<270 27
<360 30
NE
SE
SW
NW
Total
Probability
NE
SE
SW
NW
7
7
13
3
30
0.23
0.23
0.43
0.10
Total 1
2006
Oct
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<270 19
<300 27
<330 31
<360 31
270<x<300 8
300<x<330 4
330<x<360 0
SUM 12
<180 11
<210 12
<240 15
<270 19
180<x<210 1
210<x<240 3
240<x<270 4
SUM 8
Ave wind Max wind Wind
speed speed direction
11.3 15 90
10.4 21 300
9.1 20 240
9.6 20 220
12.4 21 320
15.3 23 70
8.3 18 50
6.5 14 210
8.4 16 260
9.1 17 90
12.1 24 90
11.2 21 250
10.8 23 310
10.8 26 280
10 18 270
8.1 15 160
9 21 120
10.4 18 180
6.3 13 130
13.4 35 280
16.8 28 280
8 18 300
9.9 18 290
12.2 18 280
15.6 26 320
14.1 22 330
8.8 14 130
20.6 35 140
23.7 39 260
16.4 28 280
10.5 22 220
<90 5
<180 11
<270 19
<360 31
NE
SE
SW
NW
Total
Probability
NE
SE
SW
NW
5
6
8
12
31
0.16
0.19
0.26
0.39
Total 1
2006
Nov
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
<180 12
<210 16
<240 22
<270 23
180<x<210 4
210<x<240 6
240<x<270 1
SUM 11
<270 23
<300 24
<330 28
<360 30
270<x<300 1
300<x<330 4
330<x<360 2
SUM 7
Ave wind Max wind Wind
speed speed direction
7.5 15 230
7.9 20 330
11.5 21 300
9.2 18 330
5.8 10 160
7.4 14 230
6.2 16 190
7.6 16 100
9.6 18 270
10.2 21 330
7.8 22 210
10 24 40
16.2 23 40
8.8 22 30
6.1 13 200
11.3 33 170
14.9 33 190
6.6 16 350
7.4 17 30
8.9 16 330
5.9 14 340
11.4 23 50
18.9 31 10
10.9 22 20
6.4 14 40
7.6 17 230
5 13 230
11.5 20 40
5.7 14 220
13.6 23 220
<90 9
<180 12
<270 23
<360 30
NE
SE
SW
NW
Total
Probability
NE
SE
SW
NW
9
3
11
7
30
0.30
0.10
0.37
0.23
Total 1
2006
Dec
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<180 3
<210 6
<240 12
<270 17
180<x<210 3
210<x<240 6
240<x<270 5
SUM 14
<270 17
<300 21
<330 29
<360 31
270<x<300 4
300<x<330 8
330<x<360 2
SUM 14
Ave wind Max wind Wind
speed speed direction
17.1 39 200
16.4 29 260
10.2 18 200
11.7 25 320
9.2 17 280
12.2 21 200
10.3 26 310
19.5 32 320
12.4 18 260
11.5 21 240
6.3 13 320
7.2 12 150
8.4 14 150
10.7 17 230
11 17 230
12.2 21 300
12.6 24 230
9.5 20 340
9.6 21 320
10.3 21 230
14.4 22 240
6.1 14 330
9.7 20 270
13.6 29 290
7.8 18 270
12.4 25 90
14.3 22 280
11.3 21 260
8.8 17 340
9.4 23 320
7.4 17 320
<90 1
<180 3
<270 17
<360 31
NE 1
SE 2
SW 14
NW 14
Total 31
Probability
NE 0.03
SE 0.06
SW 0.45
NW 0.45
Total 1
2007
January
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<270 11
<300 22
<330 29
<360 31
270<x<300 11
300<x<330 7
330<x<360 2
SUM 20_
<180 2
<210 3
<240 9
<270 11
180<x<210 1
210<x<240 6
240<x<270 2
SUM 9
Ave wind Max wind Wind
speed speed direction
9.1 20 130
13.8 29 300
13.8 26 230
9.6 16 230
12 28 220
15 29 270
10,5 26 280
12.7 31 280
14.5 24 250
14.2 25 280
11.5 22 220
14.6 26 240
10.6 20 240
8.3 15 360
9 20 70
14.1 29 330
12.8 26 320
7.2 14 200
13.2 26 280
24 29 310
14.2 21 300
4.9 12 340
9.2 15 330
8.3 18 290
11.5 23 330
18.7 28 320
6 18 300
6.4 13 320
13.2 22 300
11.5 21 280
10 21 280
<90 1
<180 2
<270 11
<360 31
NE
SE
SW
NW
9
20
Total 31
Probability
NE 0.03
SE 0.03
SW 0.29
NW 0.65
Total 1
2007
February
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
<270 10
<300 20
<330 28
<360 28
270<x<300 10
300<x<330 8
330<x<360 0
SUM 18
<180 4
<210 4
<240 8
<270 10
180<x<210
210<x<240
240<x<270
SUM
0
4
2
6
Ave wind Max wind Wind
speed speed direction
10.2 23 220
4 10 30
16.8 29 280
15.2 24 290
20.5 37 280
15.5 23 280
14.7 25 300
17.7 31 280
17.7 26 270
11 18 280
10 16 230
15.6 25 280
11 21 330
22.7 38 60
22 36 270
20.6 25 280
15.2 29 280
10.5 28 320
19 33 320
10.1 21 240
7.7 20 310
4.5 9 180
17.1 30 330
18.3 30 320
7.2 17 310
6.7 17 30
5.1 9 230
5.8 12 330
<90 3
<180 4
<270 10
<360 28
NE
SE
SW
NW
3
1
6
18
Total 28
Probability
NE 0.11
SE 0.04
SW 0.21
NW 0.64
Total 1
_______________________ & _______________________
2007
March
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
<270 18
<300 23
<330 31
<360 31
270<x<300 5
300<x<330 8
330<x<360 0
SUM 13_
<180 7
<210 11
<240 15
<270 18
180<x<210 4
210<x<240 4
240<x<270 3
SUM 11
Ave wind Max wind Wind
speed speed direction
7.6 15 120
16.3 30 100
7.8 35 320
15.8 24 270
18 35 260
24.6 39 320
11.4 22 300
16.7 33 320
9.4 18 320
12.5 24 200
11.8 21 300
9.6 17 240
11.3 22 210
14.4 22 220
11.3 23 330
24.2 38 50
16 36 40
16.5 26 300
15 25 230
18 32 280
10.7 21 200
20.3 33 230
12.4 24 290
9.2 22 110
6.9 12 250
11.2 20 210
5.5 14 90
17.5 32 320
17.4 28 320
12.8 24 330
10 16 11p
<90 3
<180 7
<270 18
<360 31
NE
SE
SW
NW
3
4
11
13
Total 31
Probability
NE 0.10
SE 0.13
SW 0.35
NW 0.42
Total 1
2007
April
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
<270 21
<300 26
<330 27
<360 30
270<x<300 5
300<x<330 1
330<x<360 3
SUM 9
<180 15
<210 19
<240 19
<270 21
180<x<210 4
210<x<240 0
240<x<270 2
SUM 6
Ave wind Max wind Wind
speed speed direction
7.3 21 210
13.3 22 110
11.9 22 60
17.8 29 120
16.1 26 280
14.7 23 250
8.8 23 300
17 25 280
16.1 24 280
11.2 21 270
9.8 21 110
15.3 30 90
14.4 24 280
12.4 22 340
19.2 41 110
23.4 43 110
25.5 37 30
17.8 33 40
12.3 24 60
8.1 23 40
6.5 17 100
9.5 18 200
14 26 200
13 21 340
5.5 14 310
9.2 20 200
8 18 40
7.1 21 120
6.6 13 60
12.7 28 340
<90 8
<180 15
<270 21
<360 30
NE
SE
SW
NW
8
7
6
9
Total 30
Probability
NE 0.27
SE 0.23
SW 0.20
NW 0.30
Total 1
Probability of occurrence of wind coming from the NW and SW directions
2005 2006 2007 Total Probability
NW 270<x<300 52 47 31 130 0.50
300<x<330 29 47 24 100 0.38
330<x<360 14 13 5 32 0.12
262
2005 2006 2007 Total Probability
SW 180<x<210 37 35 9 81 0.29
210<x<240 42 56 14 112 0.40
240<x<270 39 37 9 85 0.31
278
Probability of occurrence of wind direction from Jan 2005 to Apr 2007
Jan 2005 2006 2007
NE 0.32 0.19 0.03
SE 0.10 0.10 0.03
SW 0.23 0.23 0.29
NW 0.35 0.48 0.65
Feb 2005 2006 2007
NE 0.25 0.11 0.11
SE 0.14 0.07 0.04
SW 0.18 0.54 0.21
NW 0.43 0.29 0.64
Mar 2005 2006 2007
NE 0.26 0.16 0.10
SE 0.10 0.16 0.13
SW 0.19 0.13 0.35
NW 0.45 0.55 0.42
April 2005 2006 2007
NE 0.27 0.33 0.27
SE 0.37 0.13 0.23
Ma 2005 2006
NE 0.48 0.52
SE 0.16 0.03
SW 0.19 0.26
NW 0.16 0.19
June 2005 2006
NE 0.33 0.27
SE 0.13 0.27
SW 0.47 0.33
NW 0.07 0.13
July 2005 2006
NE 0.19 0.19
SE 0.23 0.10
SW 0.32 0.61
NW 0.26 0.10
Aus 2005 2006
NE 0.13 0.23
SE 0.35 0.10
SW 0.42 0.42
I I NW 1 0.10 1 0.26 1
Sept 2005 2006
NE 0.17 0.23
SE 0.17 0.23
SW 0.40 0.43
NW 0.27 0.10
Oct 2005 2006
NE 0.39 0.16
SE 0.10 0.19
SW 0.26 0.26
NW 0.26 0.39
Nov 2005 2006
NE 0.07 0.30
SE 0.13 0.10
SW 0.53 0.37
NW 0.27 0.23
Dec 2005 2006
NE 0.06 0.03
SE 0.10 0.06
SW 0.42 0.45
NW 0.42 0.45
SW 0.27 0.20 0.20
NW 0.10 0.33 0.30
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Probability of Wind Direction in April (2005-07)
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Probability of Wind Direction in June (2005-06)
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Probability of Wind Direction in July (2005-06)
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Probability of Wind Direction in September (2005-06)
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Probability of Wind Direction in October (2005-06)
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